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Pore structures have been determined for a niimber of years from 
calculations involving low-temperature nitrogen, adsorption-desorption 
isotherms. Krypton, "because of its low saturation pressure, offers a 
more satisfactory measurement than nitrogen when the pore volume is 
small for the same reasons that it does for surface area when the total 
amount of surface is limited. Unfortunately, krypton is normally a 
solid at liquid nitrogen temperature, that is, it is below its triple 
point at this temperature. However, liquid properties can be used 
satisfactorily in surface area calculation. 
In this investigation the liquid properties of krypton at the 
boiling point of nitrogen were estimated and applied to a numerical 
integration procedure in order to calculate pore size distributions 
from experimentally determined desorption isotherms. The B.E.T. model 
of adsorption was used. Experiments and calculations were carried out 
with both krypton and nitrogen, using a series of samples with very 
different pore structures. The results show reasonable agreement for 
kaolin which is porous over a range of pore radii from 25 to 60 A, this 
being the usable region with krypton. The agreement in the cases of 
boron nitrode and siluminum is also good, especially for pores above 
o 
about 35 A in radius. Here, however, the values determined may have 
actually been void spaces among the particles since other evidence indi-
cates these two materials to be essentially nonporous. 
IX 
o 
Pore radii up to about 300 A can be determined with nitrogen. The 
krypton analysis is limited to relative pressures, p/p , where P is 
the extrapolated saturation pressure of liquid krypton, of less than 
about 0.65^ the actual value depending on the temperature. Measurement 
cannot be made at higher relative pressures because unlimited crystal-
o 
lization occurs. According to theory, pores with radii of 60 A and 
smaller have then been filled, and pore size distributions only up to 
this radius can be calculated. 
In order to avoid this limitation of krypton,while keeping most 
of the advantages offered by krypton, such as low saturation pressure, 
small molecule, inertness, and availability in a suitably pure form, 
ethane should be investigated as the adsorbate at -270 F. 
CHAPTER I 
INTRODUCTION 
Definition of the Problem 
The adsorption and desorption of nitrogen gas at liquid nitrogen 
temperature has been employed for a number of years in determining the 
pore structure of solids. Krypton gas because of its low saturation 
vapor pressure potentially offers a more satisfactory measurement than 
nitrogen when the pore volume is small^ just as it does for surface 
area analysis when the total amount of surface is limited. 
Measurements (at constant temperature) of the amount of a gas 
adsorbed V by a solid̂  when plotted as a function of the pressure^ 
give an adsorption isotherm. The shape of such a curve gives quali-
tative and quantitative information about the adsorption process. 
(1) Brunauer^ £5.^* show five basic isotherm shapes. 
Krypton is normally a solid at liquid nitrogen temperature. How-
ever, when it is employed as the adsorbate in surface area evaluation 
and no more than a few molecular layers of it are allowed to form on 
a surface, the properties of liquid krypton can be utilized satisfac-
torily in the calculation. Results obtained using nitrogen and krypton 
are then in reasonable agreement (as shown by the results presented 
later). 
To make a pore volume analysis, the cracks and crevices of the solid 
being analyzed must be filled with adsorbate. This requires the build--up 


is then in equilibrium with its meniscus. 
(12) 
Wheeler^ devised a theory based on this equation which took also 
into account the affects of multilayer adsorption. Two assumptions were 
made. It was first assumed that at any point on the desorption branch 
of the isotherm all pores larger than a certain radius R were covered 
with an adsorbed multilayer of thickness t, whereas all pores smaller 
than a certain radius were filled by capillary condensation. Secondly^ 
since all unfilled pore walls have an absorbed layer of thickness t 
on them_, it is assumed that the radius of the meniscus in a filled pore 
where it contacts a larger pore will not be the pore radius R but a 
smaller radius R -t. In other words;, under conditions of adsorption^ 
pores of true physical radius are not dealt with. Instead pores having 
radii effectively diminished by the thickness of the absorbed layer are 
treated. The maximum true pore size R _, which will be filled at a 
certain relative pressure^ is then given by 
. = t + 2av 
c R T log P /P ' R = t + . '^ L , ^ /̂  , (2) 
s 
if (R - t) is substituted for r in the Kelvin equation. 
^ c ^ ra ^ 
Once the multilayer thickness as a function of the pressure is 
known,, R may be calculated from Eq. (2). At a given pressure all 
pores with radii smaller than R will be filled with liquified ad-
sorbate held by capillary condensation. Then assuming that thermodynamic 
equilibri-um̂  as implied by the above equation, is established on the de-
sorption branch of the isothemi, an equation for the desorption isotherm 
can be developed as follows.* The volume V adsorbed at any point on the 
a 
isotherm, computed as a liquid, is given by 
V = V + V . (3) 
a c e ' 
Here V i s t h e voliime of c a p i l l a r y condensed l i q u i d in pores sma l l e r 
than R and V i s t h e volume of absorbed m u l t i l a y e r s on pores l a r g e r 
than R . The pore s i z e d i s t r i b u t i o n func t ion L(R)dR i s then def ined 
as t h e l eng th of a l l pores (per gram of adsorbent ) vhich have r a d i i in 
t h e range R t o R+dR. The volume V ( R ) of a l l pores having r a d i i l e s s 
than R i s thus given by 
R 
c 
V^(< R^) = j TC R^L(R)dR . (k) 
The surface area and pore length of pores larger than R are given,, 
respectively^ by: 
o 




L(> R^) = / L(R)dR . (6) 
R c 
The volume of liquid condensed in capillaries^ V , is by definition 
V (<R ) and so is connected to the pore size distribution function by 
Eq. (6), For a single cylindrical pore^ the volume of the absorbed 
multilayer calculated as a liquid volume V is the volume of a 
^ m 
cylindrical shell of outside radius R and inside radius R-t^ or 
n [R̂  - (R - t)^] L(R) 
or 
jt(2tR - t^) L(R) 
Hence^ the volume of gas adsorbed as a multi layer on a l l pores larger 
than R is the in tegra l of t h i s or c ^ 
S S 
V^ = t J 2jt R L(R) dR = rtt^ J L(R) dR . (7) 
R R 
c c 
vhich may be written 
V, = t A (>R ) - TCt̂  L(>R ). (8) 
Combining these expressions with Eq. (5) gives the following equation: 
V = V (<R ) + tA (>R ) - Jtt̂  L . (9) 
a ĉ  c p ^ ĉ  ^ ' 
The latter equation shows that the volume adsorbed at any pressure is 
equal to the volume condensed on the "free surface area" of capillaries 
not filled by capillary condensation less a correction term which takes 
into account the fact that pores are cylindrical. Therefore^ the volume 
of a layer of thickness t on an area A is not tA but is smaller. 
p p 
The isotherm may be written 
C 
Vp - V^ = j rt (R - t)^ L(R)dR , (10) 
R 
C : 
where V is the total pore volume per gram. If t _, the multilayer 
thickness^ is known as a function of pressure^ then R is also known as 
:ML 
a function of pressure from Eq. (2). 
Any of severa-1 relationships might now be used. The formula might 
be applied assuming for L(R) a Gaussian;, a Maxwellian^ or a skewed dis-
(13) tribution. Mulligan and Adams^ ' proposed an analytical expression 
for cumulative pore volumes and pore size distributions. Voigt and 
fl^) Tomlinson prepared a series of distribution curves based on both 
spherical and cylindrical pores with Maxvellian and two types of 
Gaussian distributions. They described a method for fitting normalized 
isotherms to these curves. The solution used in this work does not re-
quire the assumption of a pore-size distribution; it employs numerical 
integration. Methods of this type are described by Barrett,, Joyner, 
and Halenda and by Pierce 
'The method of Pierce is the most straightforward and a minor modifi-
cation of it is employed in this work. Each increment of gas desorbed, 
V, is composed of the gas evaporated from the meniscus of inner capil-
laries^ V , and the gas evaporated from the film on the walls of the 
unfilled pores V̂ ^ i.e.̂  
V = V - V. . (11) 
m f 
V is determined directly from the experimental isotherm and the re-
lationship 
V^ = At ZAp , (12) 
where A is the surface area of all pores not filled by capillary con-
densation. 
For each desorption increment the pore surface area is 
8 
2V 
A = ̂  . (13) 
^ c 
where the volume of the pores in the corresponding increment is 
R 2 
V = V (^-^) . (14) 
p m R̂ - t̂  ^ ^ 
^ c 
Then the total length of the pores in this size range having a mean radius 
R is 
L(R) = - \ . (15) 
jtR "̂  c 
In these equations the mean values of R and t over the desorption in- j 
crement should be used for greatest accuracy. In general, the smaller 
the increments of integration the more accurate are the results. To ob-
tain the best results, care must be exercised in reading V from the ab-
^ ^ a 
sorption isotherms, and a statistical approach should be used to minimize 
the reading error. 
If the volume of gas adsorbed at STP per gram of adsorbent at the 
saturation pressure is V , then the volume of the adsorbed phase in the 
pore volume is 
V M 
V = T^ . (16) 
p M p ^ ^ \ / 
V ^a 
where M is the molecular weight, M the molar volume, and p the ; 
° ' V "̂ a 
density of the adsorbed phase. This density, in general, is believed 
very nearly equal to that of liquified adsorbate at the same temperature. 
^ 
which is a specific gravity of O.808 ^ for liquid nitrogen at its normal 
boiling point. 
In these calculations it was assumed that all pores are cylinders 
which^ admittedly^ is a very limiting restriction. Then if all the 
surface is attributed to the walls of the pores^ the average pore radius 
IS 
R = — ^ , (17) 
P 
where A is the surface area per gram of absorbent. Results calculated 
p 
by Eq. (17) agree well with those of other methods. The method employed 
o 
results in pore radii from 20 to 300 A . For the krypton measurements 
there is^ however, another limitation as shown in Chapter IV", 
The evaluation of the thickness of the adsorbed layer as a function 
of the pressure may be estimated from theoretical adsoiption expressions 
such as those of Brunauer, Emmett, and Teller (the so-called B.E.T. 
equation) or by means of empirical measurements on non-porous solis. 
(12) 
Wheeler^ recommends that the Halsey equation which for nitrogen is 
t(2) = k.3 In P/P 
1/3 
(18) 
/ 1 ^ 
where P/P is the relative pressure and 4.3 A is taken as the thickness 
of a monomolecular layer of adsorbed nitrogen. For krypton the equation 
has to be modified in view of the specific constants for this substance. 
10 
Check on Accuracy of the Isotheiros 
For some time satisfactory surface area results have been obtained 
following the B.E.T. theory with both krypton and nitrogen. A comparison 
between surface areas calculated with both nitrogen and krypton is, 
therefore, an indication of the accuracy of the experimental results. 
According to the B.E.T. theory the adsorption isotherm curve may 
be fit by an equation of the fonii 
P __ 1 I /C~l\ P ^1Q^ 
V(P -P) V C W Ĉ  P ' ^^^ 
\ g / p r s 
where P is the saturation pressure of either nitrogen or krypton, 
V is the volume of the gas required to form a monolayer on the tested 
solid,and C is a constant. This plot is almost always linear in the 
region below O.3 P/P and above 0.1 p/p and the intercept is a small 
positive number on the p/v (P -P) axis. The slope of the line is ' '• ], 
(c+i)/v c and the intercept is l/v C. Since C is usually a large 
number, the value of V is essentially the reciprocal of the slope 
of the line. 
Since V is conveniently expressed in milliliters of adsorbate 
per gram of sample and since one molecule of adsorbed nitrogen gas oc-
o 
cupies 15.0 A , the conversion from the plotted results to specific 
surface area is simply given by 
S = 1^.8 X 6.023 X 10^^ ^ k.Z^ ,20) 
wN̂  22.^14(slope + intercept) slope + intercept ' 
where S i s the sample surface area expressed in square meters per gram w 
and the other terms are Avogadro's number and the molecular gas volume. 
11 
By analogy,, for kr̂ p̂ton the final expression is 
S 5-64 _ 
wKr slope & intercept 
(21) 
Criticism of the Method Used 
The calculations and statements to be given are^ in general^ based 
on the assumption that the B.E.T. model applies. Nevertheless^ a serious 
/-.ON 
weakness of the B.E.T. theory, as noted by Cassel^ , using the Gibbs 
adsorption isotherm is that the surface tension of the adsorbed film at 
P=P is negative. This arises from a total disregard of interaction s 
forces. The B.E.T, model postulates that localized adsorption persists 
throughout all layers but adsorption in the nth layer must take place 
before the n-1 layer is filled. The result is not a series of continuous 
layers, but a random system of vertical molecular columns, according to 
Gorter and Frederikse . Theimer also has underlined the discon-
tinuous character of B.E.T. absorbed films. 
Also it has been pointed out that the integration constants of the 
Glausius-Clapeyron equation, when applied to adsorption and vapor pres-
sure data, do not show the interrelationship demanded by B.E*T« theory. 
(21) 
Dervichian '̂ has shown, in addition, that the hypothesis that an iso-
lated molecule on top of another yielding full energy of liquification 
is quite untenable and, of course, contradicts the fact that the second 
molecule can adsorb a third, and so on. Going back to the method of 
the pore distributen calculations, this can be summarized by stating 
that the method used involves the following assumptions: 
12 
(a) On the desorption branch of an isotherm there is thermodynamic 
equilibrium while the adsorption branch is not in equilibrium 
since supersaturation is probably necessary to fill a pore with 
condensed liquid.' 
(b) Each pore space must be connected with at least one larger 
pore for,, otherwise, the smaller pore cannot empty at the 
proper pressure. 
(c) The pores are cylindrical. 
(d) The surfsLce tension of the absorbed fluid is constant over the 
absorbed layers and the same as that of pure liquid at the 
working temperature. 
(e) The meniscus radius is that of the inside tube fonned by 
multilayer absorption. 
The theory as used is thus questionable from several points of view, 




INSTRUMENTATION AND EQUIPMENT 
Description of Apparatus 
For the deterroination of the absorption-desorption isotherms 
presented in Chapter III^ the Orr Surface-Area Pore-Voltime Analyzer, 
Model MIC-103j, of Nujninco, Monroeville, Pennsylvania, was used. 
The basic design of the apparatus is shown in the schematic drawing 
of Figo 1. It consists in essence of (l) a seven-valve manifold through 
which are interconnected three sample holders; (2) an evacuation system 
consisting of a cold trap, a diffusion pump, and a mechanical forepump; 
(3) a sensitive pressure indicator; (h) a variable volume space; (5) 
two low-pressure detectors; (6) inlets for the gases; heli"uin, nitrogen, 
and krypton; and {7) a manifold temperature indicator. One of the low 
pressure detectors is directly connected into the manifold. Its pur-
poses are to indicate the extent to which samples have been freed from 
atmospheric gases and vapors and to seirve as the main pressure indicator 
for krypton adsoiption-desorption data. Built also into the system is 
a resetable timer and an adjustable switch to record how long a sample 
has been exposed to any level of reduced pressure. Another component 
of the apparatus indicates the temperature in the manifold. Adjustable 
heaters permit the powders to be elevated in temperature under vacuum 
to drive off atmospheric gases and vapors adhering to the powders. Fig. 
2 is a photograph of the apparatus. An oxygen vapor pressure thermometer. 
Ik 

















-1 O < 












































| i | 
15 
1 
Figure 2. Photograph of Apparatus 
16 
pl ied a t pressure heads "beWeen 5 and 20 HD/in . 
Sample Weight 
A clean, dry sample tube was weighed on an analytical balance with 
an accuracy of 0.0001 gram. This weighing was accomplished with a small 
rubber stopper sealing it. The result was the weight called W^ in 
Chapter III. 
The amount of desired sample was next added into the sample holder. 
The sample holder sind rubber stopper were marked with a number according 
to the position to which it was attached to the apparatus. The sample 
holder was attached to the equipment by means of a special teflon-packed 
holding nut_, a small wad of glass wool having been placed in the neck of 
the holder tube to prevent the sample's escaping if the wrong valve should 
be opened inadvertently. The volume of the sample holders varied from 
as shown in Fig. 3̂  "was employed to establish accurately the liquid ; 
ni t rogen 's temperature; i t s ca l ibra t ion was based on data recommended 
(22) • 
by Ziegler, et a l ; ' , I 
Principle of Operation 
Adsorption-desorption isotherms were obtained by measuring the | 
r 
! 
volume of gas which was absorbed and then desorbed under increasing i 
and decreasing pressures. I 
! \ 
Start up 
The instrument uses 110-120 volt AC current and draws about 750 [ 
watts. Specifically purified nitrogen, krypton, and helium gases were | 
needed in order to determine the isotherms. These gases were supplied | 








Figure 3* Oxygen Vapor Pressure Thermometer 
18 
about 1 to 30 ml. emd the weight of the samples from about 0.1 to 5 
grams. 
After having closed all valves^ the forepump of the evacuation system 
was started and the pressure on the vacuum gages was noted. When the pres-
sure dropped to 0.10 mm Hg the diffusion pump was started too. After 
about 5 minutes more the vacuum gage usually indicated less than 0,001 
mm Hg and sometimes as low as 0.0001 mm Hg. The center vacuum valve 
was then opened and the system's manifold was evacuated. 
Then the valve connecting the sample holder with the manifold was 
slowly opened and the speed of desoiption was adjusted so that absorbed 
moisture and other gases might not boil off the sample violently. The 
sample's temperature was adjusted by slipping an electric heating mantel 
around the sample bulb and applying an adjustable voltage to it from 
the equipment. Because the samples involved were not subject to thermal 
decomposition at temperatures below 500 Ĉ  they were heated to 350 C. The 
higher the temperature the faster was the degassing and the cleaner, ul-
timately, the surface; roughly satisfactory degassing follows the re-
(2) 
lationship 
e = 1^.^ X 10 t̂ ""̂ '̂ ^ , 
d ' 
where 6 is the time of heating in hours to the temperature t in 
degrees centigrade. 
The temperature of heating was established with a theimocouple. 
Degassing the Sample 
Before degassing completely, but after about 10 minutes of evacuat-
ing, the vacuum valve was closed and the sample holder filled with 
19 
nitrogen. This few minutes of exposure to a high vacuum removed es-
sentially all weighable impurities. The weight of the holder with sample 
was then determined on an analytical balance. This gave the weight Ŵ  . 
The wad of glass wool was removed before weighing. The weight of the 
sample was thus given by W,-W^. The sample holder was filled before 
removal with nitrogen because it will not be appreciably adsorbed on 
a sample at room temperature and its presence will keep out moisture 
and other airborne impurities. The difference in weight between 30 ml 
air and 30 ml of nitrogen gas, considering even the small difference 
in temperature, is also negligible. 
The sample holder was again attached to the apparatus, the manifold 
system was evacuated again, and the valve connecting the sample-holder 
with the manifold \Tas opened slowly. The heaters were replaced and the 
heating temperature was adjusted.once again. A relay switch on the vacuum 
-k 
gage made contact as soon as the pressure reached 5 x 10 mm Hg and a 
timing meter started. 
The samples were generally degassed more than 12 hrs to a pressure 
as low as the apparatus was capable of achieving. 
Obtaining the Unoccupied Sample Tube Volume 
After degassing,the vacuum and the sample holder valve were closed 
and the heating mantel removed. A Dewar flask was filled with liquid 
nitrogen and the flask was placed about the bulb R, (see Fig. 3) of the 
oxygen-vapor thermometer. The oxygen was condensed in R,, and the dif-
ference between the mercury column heights A and B gave the vapor pressure 
of pure oxygen at the temperature of the liquid nitrogen. The temperature 
corresponding to this vapor pressure was evaluated. 
20 
There will be a small change with time in the lig.uid nitrogen's 
temperature due to changes in atmospheric pressure and the condensation 
of oxygen from the air. It was found to deviate slightly. 
Now a Dewar flask containing liquid nitrogen of accurately known 
temperature was placed around the sample to be evaluated. Helium was let 
into the manifold by means of the absorbate valve until the main pres-
sure gage indicated about 500 mm Hg pressure. After allowing a minute 
for the sample to reach thermal equilibrium, the pressure E, , was re-
corded. The helium temperature T, in the manifold was next recorded 
with the temperature indicator. The valve connecting the sample with 
the manifold was next opened and again time was allowed for the pres-
sure to reach equilibrium; this usually required about 15 minutes. 
Since helium is a Â ery inert gas_, it is not adsorbed by the sample 
even at liquid nitrogen temperature, but merely fills the space in and 
around the sample. This pressure was noted in order to calculate the 
void volume of the sample holder. After this measurement, the sample 
was degassed again for about 15 minutes in the manner already described. 
The helium was thus removed from the sample. 
Determination of Adsorption-Desorption Isotherms 
The sample holder was immersed again in liquid nitrogen to a pre-
established depth which was thereafter maintained nearly constant during 
the course of the experiment. This was accomplished by filling the Dewar 
flask at regular intervals. The vacuum and sample holder valves were 
closed and the absorbate left in the manifold. In the case of nitrogen 
the equilibrium pressure was indicated on the main pressure gage and in 
the case of krypton on the low pressure thermistor gage. After a few 
21 
moments for equilibration,, this pressure was recorded as P . For nitro-
gen a first-equilibrium pressure of about 200 mm Hg was sought and for 
krypton one of about 0.3 nrni Hg. The thermistor pressure gage's range 
-k 
was from about 5-10 to 2.5 mm Hg. The manifold temperature was re-
corded as T just as in the procedure using helium. Then the valve 
m ° 
connecting the sample to the system was opened and the nitrogen or . 
krypton was admitted to the sample. Adsorption equilibrium required 
anywhere from 20 to 50 minutes. The equilibrium pressure was called P„. 
The steps above were repeated until in about a dozen increments the 
saturation P was reached. This was true for both nitrogen and krypton 
adsorption. The saturation pressure of krypton is the vapor pressure 
of the solid and occurs at a relative pressure^ p/p , of O.65O calculated 
from extrapolated liquid vapor pressure data. When the volume of the 
manifold did not permit reasonably great pressure increments^ an extra 
volume as indicated in Fig. 1 was added to the manifold by opening the 
valve which connected the two.: 
After attaining the saturation pressure^ as indicated by the fact 
that an additional amount of absorbate did not increase the pressure 
further, the process was repeated in the reverse manner. The pressure 
in the manifold was lowered and recorded as P and then the sample 
holder valve was opened. The equilibrium pressure was recorded after 
20 to 50 minutes as P̂ . 
Again in a dozen or so steps, a pressure close to O.05 relative 
pressure was obtained. 
By the above procedures the quantities of gas adsorbed and desorbed 
by a sample can be calculated because the temperature, volumes, and 
22 
pressures in all parts of the equipment were known. In effect^ the 
calculation required accounting for the gas that is apparently missing 
in the system "but is actually adsorbed on the sample. This is presented 
in Chapter III. 
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CHAPTER III 
PROCEDURE OF CALCULATION 
Adsorption and Desorption Isotherms 
The volume of the instrument's manifold was fixed. A correction 
has^ however^ to be made in the volume of the pressure indicator with 
shifts in pressure.. The quantity of the gas in the manifold was 
established by the relationship P = nRT, where R is the gas con-'̂  ^ ma ^ •=• 
stant. For the moment it will be assumed that, instead of an equation 
of state, the ideal gas law can be applied and corrected afterwards for 
differences in pressures calculated both with a virial equation of state 
up to the second coefficient and the ideal gas law at the pressure and 
temperature of concern. When the valve leading from the manifold to the 
sample was opened, the gas expanded into the new space, some of it 
being adsorbed by the sample. The gas is thus partly in the .manifold 
at the apparatus temperature, partly in the sample space at liquid 
nitrogen temperature, partly in the tube connecting the manifold and 
the sample space, and partly adsorbed. 
A material balance gives 
P., V P^ V P^ V P̂  V. 1 ma _ 2 ma , 2 sa , 2 i , / s 
T T T T. a ' "̂̂"̂^ 
m m s 1 
where V , V , and V are, respectively, the manifold volume, the sample 
ma^ sa a. ' ^ ''' ' 
space volume not occupied by the sample, and the volume adsorbed, at 
standard conditions (7^0 mm Hg and C). V. is the intermediate volume 
i _ 
2k 
between the manifold and the sample; T :, T ^ and T. are^ respectively^ 
m ŝ  1 
the temperature of the manifold, the sample, and the intermediate space; 
and P̂  is the pressure under the first conditions and Pp under the second 
conditions. 
When the process is repeated with the next quantity of gas, the 
equilibrium pressure after the additional quantity is again P^ while 
the initial pressure is written P . The volume of the gas absorbed is 
e 
then expressed at standard conditions by 
P, V P, V , P, V. P„ V , Po V , P^ V. , V „̂ „ f^^s 
1 ma ̂  1 sa + 1 i = 2 ma + 2 sa + 2 i + a 7PQ (23) 
T • T T. T' T T. 273 m s 1 m s 1 
Several conditions must be included to make the equation exact. First, 
nitrogen does not behave as a perfect gas: this was corrected for up to 
the second virial coefficient with an equation of state expressed in 
in terms of P . The pressure indicator's volume changes with change in 
pressure may be expressed by writing V , where the sub t means that 
the sample volume is the true volume. The relationship becomes 
^sat Pg 
T rP-i(V + mPj-P^(V + mP„) P^ V.-s 1̂  mo 1̂  2^ mo 2^ 2 i 
T T. 
m 1 -" 
(2*^) 
where V is the manifold volume at zero pressure and m is a term 
mo 
expressing the increase in volume as a function of pressure. The com-
plete material balance is then 
P V P V ^ P V 
_ l _ m ^ _l_sat (3_ + g^g ^ ^0-5 p^) ̂  _e_i ^ 
m s i 
p^ V p^ V ^ ^ p^ V. 760 v^ 
_2_ma ^ 2 ^at ^̂  ̂  ^^^ ̂  ^^-5 ) + _|_i + _ a ^ (̂ 5) 
m s J j_ (J 
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The intermediate temperature T. was taken to be given by (T + T )/2 
since this average was applied in initial calculations of apparatus 
volumes. 
The data were actually analyzed on a Burroughs 220 digital computer. 
IVfenual computation will be assumed^ however^ in order to show the method 
of calculation. As mentioned before^ the manifold space could be en-
larged by the addition of an extra volum.e to it. Table 1 outlines the 
procedure. The right column is V /w which is the total volume of gas 
a s 
adsorbed and Pp/Pc ^^ ^^^ relative pressure at which the adsorption 
took place. The values plot so-called adsorption isotherms; the results 
for the two gases and three substances studied are presented as Figs, 
h, 5. 6, 7, 8. and 9-
Pore Size Distribution 
As with the isotherms, machine calculation was actually utilized,, 
but hand calculation will be indicated in the following procedure. (The 
program for computer use is given in the Appendix.) The previously cal-
culated desorption isotherm data from Table 1 are transferred to the 
first and second columns of Table 2 by writing, in the first, the 
relative pressure and, in the second, V /w . Columns three and four 
are, respectively, pore radius filled at a certain relative pressure 
R and the corresponding film thickness t. These numbers are specific 
for both nitrogen and krypton and their evaluation will be described 
in Chapter IV. The fifth column is the difference between successive 
recorded volumes. The sixth gives values in Angstrom units of the dif-
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0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Relative Pressure, P/P^ 
Figure k-. Nitrogen Desorption Isotherm for Aluminum Powder at 77•3 K. 
28 
0.0 0.1 0.2 0.3 0.4 
Relative Pressure, P/P, 
0.5 



























0.3 0.4 0.5 0.6 0.7 
Relative Pressure, P/P_ 
1.0 
Figure 6. Nitrogen Desorption Isotherm for Boron Nitride Powder 
at 77-3 °K. 
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0.0 0.1 0.2 0.3 0.4 0.5 
Relative Pressure, P/P 
Figure J. Krypton Desorption Isotherm for Boron Nitride Powder 





























0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 
Relative Pressure, P/P_ 
Figure 8. Nitrogen Desorption Isotherm for Kaolin Powder at 77*3 K. 
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successive differences in the fourth column's values. The first entry 
position in the eighth column is blank and the second is zero; other 
positions cannot be filled until the computation is carried out for the 
first terms in columns nine^ ten^ eleven^and twelve. Column nine is the 
difference between the column five and the column eight values. Column 
ten is then derived from data in columns three, four, and nine. Column 
eleven is computed from column ten and column three data. Column twelve 
is the summation of column eleven. Column eight values for one determina-
tion are computed using column twelve values from the previous test. 
Once the first value in column twelve is obtained, the other computations 
can be completed by calculating values across the table. Column thirteen 
is calculated from columns nine and three. 
By way of explanation of what has been accomplished upon completing 
this computation, column eight values give the quantity of gas in cubic 
centimeters per gram desorbed at STP. The pores actually were filled 
during the test with something that closely approximated a liquid,rather 
than a gas even though the results are given in terms of a gas volume. 
The l i q u i d ' s volume and hence the t rue pore volume can then be obtained 
(3) 
by multiplying the values in column ten by 0.001558 for N^ . The cor-
responding value will be given for krypton in Chapter IV. Column eleven 
gives the surface area represented by all pores A of the radius given 
in column three. Column twelve entries represent the summation of 
surface area in m/gm that may be attributed to pores equal to or 
larger than the corresponding radius given in column three. Column 
thirteen gives the combined length of all pores L in millions of meters 
per gram of material of the corresponding radius indicated in column 
three. The pores are assumed to be cylindrical in these calculations. 
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CHAPTER IV 
DISCUSSION OF RESULTS 
Following the procedure described in Chapter III adsorption-
desorption^ isotherms for three different substances were evaluated 
at liquid nitrogen temperature. Both nitrogen and krypton gases were 
used as adsorbates. Figs, k, ^, 6, ^, Q, and 9 show the desorption 
portions of the isotherms. In Appendix I data are given for the ad-
sorption part. Surface areas were calculated both from the nitrogen and 
krypton data. The results for three adsorbents show differences of less 
than 2 per cent on the average. 
The temperature varied from 77'36 K to 11.10 K for any one test. 
The nitrogen isotherms were evaluated to a relative pressure of O.65. 
It is not possible to proceed beyond this point with krypton and the 
technique used. The relative pressure is calculated by dividing the 
actual pressure by the vapour pressure which liquid krypton would have 
at 77 K. This is below the triple point of krypton^ however. 
Many investigators have studied this triple point. Ziegler^ 
Yarborough^ and Mullins^ ^ select a value of 115-76 K. They report 
vapor pressures as shown in Table 3' At 77*36 K this would indicate 
a pressure of about 1.7^ IMI whereas the value extrapolated from liquid 
data is 2.^9 mm. 
Possibly,, kr̂ rpton adsorbed on a surface at 77 K behaves like a 
liquid,but a pressure higher than 1.7^ nun cannot be reached because 
J _ 
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Table 3» Krypton Vapor Pressure Extrapolated from Liquid Data 








krypton is crystallizing about the sample on the wall of the sample tube; 
this happens before it can be adsorbed as another adsorbate layer on the 
krypton already on the sample surface. At about O.65 relative pressure 
there thus occurs what appears to be unlimited adsorption because of this 
crystallization or sublimitation. 
The pore size distributions were calculated from the nitrogen iso-
therms following the procedure described in Chapter III using the values 
for film thickness and critical pore radius as given in Table k. For 
krypton,, however^ the density at the working temperature in the adsorbed 
phase has to be evaluated before values of film thickness and critical 
(11) pore radius can be assigned. Cook gives density data for krypton 
as shown in Fig. 10 at the saturation pressure. A negligible error, 
probably, is introduced if these data are extrapolated to the temperature 
of interest here, assuming the change in the density from saturation to 
the actual pressure is negligible. The indicated value is 2.705 g/cm , 
and the molal volume is then 30.97 cm /mol. According to the method 
of calculation as indicated in Table 2, each gas volume at STP has to 
be converted into a liquid volume in order to find the volume occupied 
by the adsorbate, during the adsorption. Making the conversion with the 
above evaluated properties of krypton, the constants in column 8, 11, and 
13; respectively, being 0.06^31-2, and A9600 for nitrogen should be 0'..072 
27'.5; and U29OO for krypton. According to the theory described in 
Chapter I, the intermolecular tension of krypton in the liquid phase 
absorbed on the powders has to be known at the working temperature. 
But there is no liquid krypton in existance,except probably molecular 
layers adsorbed on a surface. In order to estimate the surface tension 
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Table l̂-. Critical Pore Radius and Adsorbed Film Thickness for 
Nitrogen as a Function of Relative Pressure 
Relative Pressure^ P/P Critical Pore Radius, A Film Thickness, A 
0.10 9.7 5.55 
0.20 12.1 6.05 
0.30 1̂ .9 6.92 
0.̂ 0 18.1 7.60 
0.50 22.1 8.30 
0.60 27.8 9.24 
0.70 37.1 10.4 
0.80 54.7 12.1 
0.85 73.0 13.4 
0.88 90.0 l4.5 
0,90 106.5 15.5 
0.91 120.0 16.0 
0.92 134.0 16.7 
0.93 152.0 17.5 
0.94 175.0 18.5 
0.95 208.0 19.8 
0.96 258.0 21.4 
0.97 335.0 23.5 
0.98 490 29.0 






















2.705 gm/cc or gm/ml 
I I I I II L 
1.1 1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 2.7 2.8 2.9 3.0 
Densrty, gm/cc (or gm/ml) 
Figure 10. Density of Krypton versus Temperature 
at one Atmosphere. 
ko 
o of krypton,, the law of corresponding states was used. This law ap-
p -1 /o 
plied to surface tension gives the result that a/(K T P ) should be 
a universal function of T/T . Here K is the Boltzman constant and T 
and P are the critical temperature and pressure^ respectively. Cook (11) 
giv!es data: for argon as listed in Table 5'l the same source indicates that 
T is 171°K and P is ^8.3 atm. From these data,values of a/(K T P )^^^ c c ^ c c 
are calculated and the results are plotted in Fig. 11. A surface ten-
sion of 22.0 dyne/cm is then calculated for krypton, at 77-K using 
krypton critical constants which are 210 K and 5^*3 atm. Because krypton 
and argon have similar properties, these resuli:;s should be reliable. 
The critical pore radius can then be calculated if the surface 
tension value is included. The film thickness of krypton has to be 
evaluated first. An equation analagous to Eq. (l0) can be written as-
o 
suming ^.5 A for the molecular diameter of krypton. The result is 
1/3 
t(A) = ^.5 ___5 In P/P (26) 
The radius of the meniscus r for krypton is then written using 
m 
the Kelvin e^quation 
E T in ̂  = ^HY . 
8 P3 
The final expression is r = - •=—=—=— / . When this value is 
m K 1 In ir/ sr 
g s 
added to the film thickness the critical pore radius R is derived. 
c 
In Table 6, R and t are given for different relative pressure at a \ 
temperature of 77-3 K. 1 
kl 
Table 5» Surface Tension of Argon Versus Temperature 
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Reduced Temperature, T/T 
Figure 11. Dimensionless Group Plotted Against Reduced Temperature for 
Evaluating the Surface' Tension of Krypton at 77'3 K. 
3̂ 
Table 6. Critical Pore Radius and Adsorbed Film Thickness as a Function 
of Relative Pressure. 
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Calculations for krypton were then made as described for nitrogen 
with the above values utilized in columns 3 and h of the calculation 
sheet^ Table 2. Column 1 and 2 values were derived reading very carefully 
the quantity adsorbed at the appropriate relative pressure from the de-
sorption isotherms. As many points as possible were taken in order to 
secure small errors in the numerical integration; R and t were taken 
^ c 
as average quantities. The results so obtained usually still showed a 
scattering due to inaccuracies in reading the isotherm. Therefore 
a least-squares calculation was made, fitting the values derived for 
o 
krypton and for nitrogen between a critical pore radius of 20 and 50 A. 
to an n-degree polynomial. Finally, the length of the pores of each 
certain radius was plotted against this radius. As mentioned before, 
the highest relative pressure attained with krypton was about O.65. At 
this point, assuming the liquid state and equilibrium conditions, the 
^ o 
pores with a radius of about 60 A were filled. The other pores, or at 
least their surfaces were covered with a film. The question then arises 
how much surface is included in the pores filled and how much in the 
pores covered with a film of krypton. The last value has to be known 
in order to proceed with the calculations from column 12 on the cal-
culation sheet. This column shows the pore surface which is covered with 
a film. 
At the end of column 12 at a point where all surface is covered with 
the film (down to about 0.2 relative pressure), a value close to the 
surface area calculated from the desorption isotheim should be shown. 
This was the case for all the nitcpogen calculations. However, for 
krypton the following modification was tried. A value for the surface 
1̂5 
covered with a film at about O.60 relative pressure (surface area of pores 
^ o . 
above 60 A in radius) was assigned and then the calculation procedure 
executed. This was done with many different values in the first place 
of column 12^ Table 2̂  and the last place was sought which would give 
a surface area comparable to that calculated from the adsorption isotherm. 
These calculations were carried out on the Burroughs 220 digital 
computer since it was too tedious for hand computation. It showed that 
assigning a value for the first of column 12 led to even worse results 
and sometimes even gave an indication of negative pores. The best re-
sults were obtained assigning no number to the first place in column 12 
and assuming the film thickness not to change very much in those pores 
not completely filled (i.e.,) no krypton desorption from this film. It then 
still is questionable whether the film was built up to the extent as 
predicted from Table 5 during the adsorption. For three different 
substances results are shown in Fig. 12. The pore size distributions 
show reasonable agreement with very different materials over the pore 
o 
radius range 25 to 55 A . 
o 
Below 25 A the theory is not applicable due to the possibility of 
changes in density, surface tension,and other properties in very small 
capillaries. Krypton results (Fig. 12) were found to show poor agree-
ment with nitrogen in this region. 
Pore size calculations using data from the nitrogen desorption 
isotherm for aluminum powder show poor agreement with those of the krypton 
o 
isotherm up to apparent pore radii of about 35 A. It has to be taken 
into consideration that the total amount of nitrogen absorbed is small 













O Pore Size Distribution Calculated with Nitrogen 
A Pore Size Distribution Calculated with Krypton 
Pore Radius, A 
Figure 12. Pore Size Distributions Calculated with Nitrogen and Krypton. 
k7 
precise determination of the desorption isotherm might be expected to 
yield somewhat better agreement. 
Furthennore^ boron nitride and aluminum powder adsorbed only a 
monolayer or slightly more up to 0.5 relative pressure. According to 
('2) 
the Halsey model, ̂ "^under such conditions film thickness increases in 
steps. These are rather large at the lower relative pressures. The 
equation used for the film thickness here is a smoothed form of the step 
model and might actually be inapplicable for boron nitride and aluminum 
powder. Both powders may well not be porous at all. What was measured 
then could have been the void spaces existing among the particles, 
especially near points of contact. These same spaces would have been 
determined with both the nitrogen and krypton. Hence, the results 
should be consistent one with the other. This is true for pores above 
o 
about 35 A in radius. 





1. Krypton can be used in analyzing pore voliame distributions 
. o 
with substances having pore radii between 25 to 60 A as satisfactorily 
as can the nitrogen adsorption technique. 
2. When the solid is not porous^ void spaces among the particles 
are likely to give an indication of pores. The adsorption isotherm may 
afford a clue to the true condition in this case. If the isotherm shows 
little adsorption between relative pressures of about 0.2 to O.J, this 
possibly indicated that voids and not pores are being indicated. 
3- Use of liquid properties for krypton in the adsorbed phase at 
conditions below krypton's triple point gives results that compare 




An adsorbate having the following properties at a temperature near 
77 K would he best for measuring pore stmcture of low-porosity materials 
by the low-temperature desorption method: 
(1) A low saturation pressure. This makes the working pressure 
low throughout the isotherm and because of this^ volume changes can be 
measured accurately. The saturation pressure should be of the order of 
2 mm of Hg^ because at lower pressures errors arise in the pressure 
measuring devices and then the slightest leak gives erroneous data. 
(2) A small molecular diameter. This makes it easy for the 
molecule to enter a pore and makes possible measuring smaller pores with 
greater precisions. 
(3) A triple point above the working temperature. This will 
assure condensation as a liquid up to the saturation pressure. 
(h) Inertness. This will avoid complications due to chemi-
sorption. 
(5) Obtainable in a pure form. 
When all these considerations are taken into account^ethane at 
about -260 F appears to be best. This temperature could then be ob-
tained with an organic liquid-solid mixture which has its melting point 
at about this temperature such as dichlorodifluorraethane or isopentane. 
These compounds could then be cooled toa solid by means "of liquid nitrogen. 
50 
Another possibility is increasing the vapor pressure above liquid nitrogen, 




Adsorption data for both nitrogen and krypton and surface areas 
calculated for three different substances. 
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Table T* Krypton Adsorbed on Kaolin Powder at 77«36 K 
Relative Gas Adsorbed per Unit Sample p — ^ — / — 
Pressure Weight, ml/gm at STP (l- l/ s ̂ ^̂ '̂ s) 
0.001 0.309 0.0038 
0.016 0.665 0.02^5 






Calculated Surface Area^ 7*̂ 2 m /'g. 
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Table 8. Nitrogen Adsorbed on Kaolin Powder a t 77 '36 K 
xiv-oj-i, w j . V V- p p \^^v^ jni.«.wwj. k v̂̂ v̂  j ^ s - j . WLJ.^^ . .^ i i i j^o -w C &  
Pressure 2/ s Weight ml/gm at STP (1-P„/P ) V /¥ ) 
^ s a s 
Relative ^ ^ Gas Adsorbed per Unit Sample 2 s
0.099 2.023 0.05^5 
0.203 2.337 0.1096 
0.302 2.565 0.1693 





1.000 25 .11 
o 
Calcu l a t e Surface Areaj7 '50 m / g . 
5^ 
Table ^. Krypton Adsorbed on Boron Nitride at 77'S^ K 
Relative / 
Pressure 2' s 
Gas Adsorbed per Unit Sample 
Weight ml/gm at STP 





























Calculated Surface Area,l8.30 m /g» 
/ 
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Table 10. Nitrogen Adsorbed on Baron Nitride at 77-36 K 
P /p 
Relative / Gas Adsorbed per Unit Sample 2' s 
Pressure 2' s Weight, ml/gm at STP (l-P-,/p V /w ) 
j_ s a s 
0.008 2.863 0.0029 
0.067 3 .971 0.0181 
0.151 4.669 0.0381 












Ca lcu la ted Surface Area, l 8 .4o 
3,6 
Table 11. Krypton Adsorbed on Aluminum Powder 77«36 K 
Relative /p 
Pressure 2 s 
Gas Adsorbed per Unit Sample 





































Calculated Surface Area,l.l8 m /ĝ .̂ 
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Table 12. Nitrogen Adsorbed on Aluminum Powder at 77»70 K 
Relative p /p 
Pressure 2' s 
Gas Absorbed per Unit Sample 





























2/. Calculate Surface Area^l.21 m /g« 
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